Genes encoding lipoproteins LipL32, LipL41 and the outer-membrane protein OmpL1 of leptospira were recombined and cloned into a pVAX1 plasmid. BALB/c mice were immunized with LipL32 and recombined LipL32-41-OmpL1 using DNA-DNA, DNAprotein and protein-protein strategies, respectively. Prime immunization was on day 1, boost immunizations were on day 11 and day 21. Sera were collected from each mouse on day 35 for antibody, cytokine detection and microscopic agglutination test while spleen cells were collected for splenocyte proliferation assay. All experimental groups (N = 10 mice per group) showed statistically significant increases in antigen-specific antibodies, in cytokines IL-4 and IL-10, as well as in the microscopic agglutination test and splenocyte proliferation compared with the pVAX1 control group. The groups receiving the recombined LipL32-41-OmpL1 vaccine induced anti-LipL41 and anti-OmpL1 antibodies and yielded better splenocyte proliferation values than the groups receiving LipL32. DNA prime and protein boost immune strategies stimulated more antibodies than a DNA-DNA immune strategy and yielded greater cytokine and splenocyte proliferation than a protein-protein immune strategy. It is clear from these results that recombination of protective antigen genes lipL32, lipL41, and ompL1 and a DNA-protein immune strategy resulted in better immune responses against leptospira than single-component, LipL32, or single DNA or protein immunization.
Introduction
Leptospirosis is a severe spirochetal zoonosis with global impact. Reservoir hosts with chronic renal tubular infection transmit pathogenic leptospira species to new hosts through urinary shedding. Recently, leptospirosis has become prevalent in cities with sanitation problems and in large populations of urban rodent reservoirs (1) . This acute febrile disease can cause flu-like episodes with severe renal and hepatic damage, such as hemorrhage and jaundice. In more severe cases, massive pulmonary hemorrhages or even fatal sudden hemoptysis can occur.
Whole-cell leptospirosis vaccines have been used to protect against several serovars of leptospira, including icterohaemorrhagiae, grippotyphosa and pomona. Unfortunately, currently available whole-cell vaccines fail to induce long-term protection against leptospirosis and cannot provide cross-protection against infection with the more than 250 known leptospira serovars (2) . The success of subunit vaccines has been hampered by weak or short-term immunity and unavailability of nontoxic, potent adjuvants (3). Thus, new vaccine strategies are needed to prevent leptospirosis. The complete genomic DNA sequence of pathogenic Leptospira interrogans serovar Lai strain Lai (4) and Copenhageni (5) of immunoreactivity of outer-membrane lipoproteins in the host environment. Many molecular and cellular studies have been carried out on leptospires, including potential virulence factors and features of lipopolysaccharide and outer membrane proteins (OMPs). Studies of leptospiral OMPs (6) have identified them as providing an important approach to finding vaccine candidates. Given their exposed location at the interface between leptospires and the mammalian host, they are potentially relevant in pathogenesis. Three classes of leptospiral OMPs have been identified thus far: 1) lipoproteins, the most abundant class, comprising LipL32, LipL41, LipL48, LipL36 and LipL21 (2, (7) (8) (9) (10) and the temperature-regulated Qlp42 (11); 2) transmembrane protein OmpL1 (12); 3) peripheral membrane proteins such as LipL45 (13) . LipL32 is the most abundant constituent of the L. interrogans serovar Lai outer-membrane proteome and is shared by pathogenic Leptospira genomospecies but is not present in saprophytic genomospecies. Previous research (14) has shown that LipL32 induces significant protection against leptospiral challenge in a hamster model. Results of surface immunoprecipitation studies suggest that OmpL1 and LipL41 are exposed on the surface (6, 7) . Both are expressed during infection of the mammalian host and are conserved among pathogenic leptospira species but not in saprophytic leptospira species. Studies have demonstrated that when they are expressed as membrane proteins OmpL1 and LipL41 together provide a significant level of protection against homologous challenge in a hamster model of leptospirosis (15) .
DNA vaccines take advantage of the fact that plasmid DNA can directly transfect animal cells and produce proteins in vivo (16) . This makes it possible to induce immune responses by direct injection of DNA plasmids encoding antigenic proteins into animal cells. DNA vaccines provide prolonged antigen expression, leading to amplification of the immune response, and they appear to offer several advantages such as easy construction, low mass production cost, high temperature stability, and the ability to elicit both humoral and cell-mediated immune responses (17, 18) . This method has been used to elicit protective antibodies and cell-mediated immune responses in many diseases.
In the present study, we used a linking primer PCR method to construct a lipL32-41-ompL1 fusion gene and studied the immunogenicity of different vaccination strategies with LipL32 and LipL32-41-OmpL1.
Material and Methods

Animals, bacterial strains and plasmids
Balb/c mice (4 weeks of age) were purchased from 
Construction and preparation of the plasmids
Genomic DNA of L. interrogans serovar Lai strain Lai was used as a template for PCR amplification of the target sequences. Primers and PCR were used to amplify and recombine the lipL32, lipL41 and ompL1 genes for construction of eukaryotic and prokaryotic expression vectors. First, lipL32, lipL41 and ompL1 were amplified with primers P1 (CCGGAATTCTATGAAAAAACTTTCGATT) and P2 (TCGACTGTAGCCTTAGTCGCGTCAG), P3 (TTCTGACGCGACTAAGGCTACAGTC) and P4 (ATA TGTTTTCTTTGCGTTGCTTTCA), P5 (GAAAGCAACGCA AAGAAAACATATG) and P6 (CCGCTCGAGTTAGAGTTC GTGTTTATA), respectively. The three PCR products were then purified, mixed and used as templates in the next PCR assay, using P1 and P6 as primers. There were overlaps between P2 and P3, and P4 and P5; thus, a full-length recombinant LipL32-41-OmpL1 protein could be produced. Purified PCR products and plasmids pVAX1 and pET-28b(+) were digested with restriction enzymes (Takara Bio Inc., Japan), ligated (T4 ligase, Takara Bio Inc.) and sequenced with an ABI DNA sequencer (Perkin-Elmer, USA). Among these plasmids, pET-28b(+)/LipL32-41-OmpL1, pET28b(+)/LipL32, pET-28b(+)/LipL41 and pET-28b(+)/OmpL1 were prepared for protein injection after protein expression and purification. For in vitro transfection and DNA injection, pVAX1/LipL32 and pVAX1/LipL32-41-OmpL1 were prepared with an endotoxin-free Qiagen Plasmid Mega Kit (Qiagen, Germany). Plasmid stocks were stored at -20°C.
Expression of pVAX1/LipL32 and pVAX1/LipL32-41-OmpL1 in HEK293 cells
HEK293 cells were transfected with plasmids pVAX1/ LipL32 and pVAX1/LipL32-41-OmpL1 in a 6-well plate using Lipofectamine™ 2000 (Invitrogen, USA) according to manufacturer protocol. First, 1.5 µL Lipofectamine™ 2000 and 36 µL serum-free medium were mixed and incubated for 5 min at room temperature and 500 ng DNA was added to the Lipofectamine™ 2000 mixture and incubated 20 min. Then, another 500 µL serum-free medium was added, and the final mixture was added to a 6-well plate and incubated at 37°C. Forty-eight hours after transfection, the cells were washed twice with ice-cold PBS and lysed in 1X SDS lysis buffer (50 mM Tris, pH 6.8, 50 mM DTT, 2% SDS, 10% glycerol, 100 μg/mL PMSF, 10 μg/mL leupeptin, and 0.1% bromophenol blue) for 10 min on ice. Cell lysates were boiled and centrifuged at 12,000 g at 4°C for 10 min. The supernatant solutions were collected and analyzed by Western blot.
Expression and purification of proteins
Plasmid pET-28b(+) containing lipL32 or lipL32-41-ompL1 genes was transformed into E. coli BL21. Expression of the 6*His fusion proteins was induced using isopropyl-β-D-thiogalactopyranoside (IPTG). An overnight culture was diluted 50-fold in fresh medium at 37°C in Luria-Bertani medium containing 50 μg/mL kanamycin. IPTG was added when the culture reached an absorbance of 0.6 to 0.8 at 600 nm. Cells were harvested, aliquots (1 mL) were centrifuged, and pellets were resuspended in 1X SDS lysis buffer. Samples were then electrophoresed on 12 and 10% SDS-polyacrylamide gels. In order to confirm the correct expression of the fusion proteins in BL21 cells, Western blot analysis was done with a monoclonal antibody against the 6*His tag. His6 fusion proteins were purified by affinity chromatography according to the protocol of Qiaexpressionist (Qiagen). Ni-NTA slurry and the lysate containing the recombinant proteins were mixed gently at 4°C for 60 min and loaded onto the column. After the two wash steps, elution buffer was added to elute the protein. The wash fractions and eluate were analyzed by SDS-PAGE.
Animal immunization
Four-week-old BALB/c mice were randomly divided into eight groups of 10 mice each. The animal immunization procedure, prime on day 1, boost on day 11 and day 21, is shown in Table 1 . Fifty micrograms of plasmid was administered intramuscularly (im) into the thigh quadriceps muscle. For protein immunization, 10 μg of recombined protein with complete Freund adjuvant was injected subcutaneously (sc) for prime immunization, and 10 μg of recombined protein with incomplete Freund adjuvant was injected sc for boost immunization. On day 35, serum samples were collected from each mouse for microscopic agglutination test and antibody and cytokine detection; spleen cells were collected for splenocyte proliferation assay.
Microscopic agglutination test
Serum samples were tested for the presence of anti-leptospiral antibodies using the microscopic agglutination test (MAT). The antigens used were 5-to 7-day-old auto-agglutination-free cultures grown in EllinghausenMcCullough-Johnson-Harris medium (BD, USA) at 28°C with approximately 1 to 2 x 10 8 organisms/mL. MAT was carried out by doubling dilutions starting from 1 in 50 and reaching 1 in 6400. One "+" indicates that 25% of leptospirae were precipitated or dissolved. The highest final serum dilution titer when 50% of antigens appeared to be agglutinated (++) with antibodies was considered to be the agglutination titer. Normal saline was used as a negative control, and leptospira-immunized rabbit serum was used as a positive control.
ELISA for antigen-specific antibody production
The wells of microtiter plates were coated with 50 µL (10 μg/mL) of purified LipL32, LipL41, or OmpL1 per well at 37°C overnight. The plates were then washed three times with PBS-T (PBS containing 0.05% Tween-20 and 1% nonfat dried milk) and blocked with blocking buffer at 37°C for 1 h. After the plates were washed three times with PBS-T, 50 µL of serum was added to each well in order to bind LipL32, LipL41 or OmpL1. Following incubation at 37°C for 2 h, antimurine IgG conjugated with alkaline phosphatase was added (Sigma-Aldrich, USA) at 37°C for 1 h. Substrate solution in 20 mM carbonate buffer, pH 9.8, containing 2.5 mM p-nitrophenylphosphate, disodium salt and para-nitrophenyl phosphate (Sigma-Aldrich) was added. The reaction was stopped with 2 M H 2 SO 4 . The absorbance value of each well was read at 450 nm with a microplate reader (Tecan Spectra III, Australia). Wells without coating antigens were used as a blank control.
ELISA for cytokine induction
The collected sera were used to detect cytokines IL-2, IL-4, IL-10, and INF-γ with homologous ELISA kits (Boster, China). First, 100 µL of serum was added to each well and incubated for 90 min at 37°C. Serum was then discarded from each well, and 100 µL of biotin-antibody reagent was added. Plates were placed in an incubator at 37°C for another 60 min. After the plates were washed three times with PBS, 100 µL of avidin-biotin-complex reagent was added to each well, followed by 30 min of incubation. Plates were then washed five times with PBS. The plates were incubated for 30 min and protected from light after TMB reagent was added to each well. The reaction was stopped with the addition of 100 µL TMB stop reagent to each well and absorbance was measured at 450 nm with an ELISA reader.
Splenocyte proliferation assay
Spleen cells isolated from mice in each group were resuspended at 2 x 10 4 cells/mL. A 100-µL aliquot contain-. A 100-µL aliquot contain-A 100-µL aliquot containing 2 x 10 3 cells was immediately added to each well of a 96-well flat-bottomed microtiter plate in triplicate. rIL-2 (R&D, USA) and homologous LipL32 or LipL32-41-OmpL1 proteins were added to the wells at a final concentration of 0.2 ng/mL (rIL-2) and 10 μg/mL (proteins), respectively. rIL-2 was added to three more wells as a control. After 48 h of incubation at 37°C in 5% CO 2 , splenocyte proliferation was assayed with a CCK-8 kit (Beyotime, China). The stimulation index is defined as: absorbance for the test/ absorbance value for the control where absorbance was measured at 450 nm.
Statistical analysis
Statistical analysis was performed by the StudentNewman-Keuls t-test. Values were compared between immunization groups. P values <0.05 were considered to be statistically significant.
Results
PCR amplification and nucleotide sequencing of the fusion gene
The recombinant fusion gene lipL32-41-ompL1 was constructed by PCR with linking primers and cloned into pVAX1 and pET-28b(+) plasmids. A BLAST search of the GenBank database revealed an identical nucleotide sequence when compared with the available complete genome sequence database of L. interrogans serovar Lai strain Lai.
In vitro expression of protein LipL32 and LipL32-41-OmpL1 in mammalian cells
Expression of LipL32 and LipL32-41-OmpL1 proteins was demonstrated by transient transfection of HEK293 cells followed by Western blot analysis. The constructed lipL32 and lipL32-41-ompL1 genes yielded high expression levels of the corresponding proteins with apparent molecular masses of 32 and 101 kDa, respectively. The molecular mass of 101 kDa was equivalent to the combined molecular masses of LipL32, LipL41 and OmpL1 (Figure 1 ).
Humoral immunity induced by DNA immunization
The IgG humoral immune responses of the mice were analyzed by ELISA against recombinant LipL32, LipL41 and OmpL1 proteins (Figure 2 ). Because there were no differences in any parameters between the PBS group and the pVAX1 group, data from the PBS group are not shown. All experimental groups showed significant increases in antibodies compared with the pVAX1 group. Groups receiving protein prime or boost showed stronger antibody responses, including LipL32 (DNA-protein or protein-protein) and LipL32-41-OmpL1 (DNA-protein or protein-protein). There was no significant difference in anti-LipL32 levels between the LipL32 group and the LipL32-41-OmpL1 group, but anti-LipL41 and anti-OmpL1 levels were much higher in mice immunized with LipL32-41-OmpL1 than in those immunized with only LipL32.
The antibody titers of serum samples from another MAT test are shown in Table 2 . The agglutination titers were observed up to 1 in 1600 and 1 in 3200 in the protein-boosted groups, whereas among the DNA-boosted groups they were seen at 1 in 400 but absent in the PBS and pVAX1 control groups. The MAT results agreed with the ELISA results for antigen-specific antibody production, which demonstrated that mice boosted with protein showed an increased humoral immune response compared with those boosted with DNA plasmids.
To evaluate T helper 2 cell (Th2) immune responses, ELISA assays were used to describe production of cytokines IL-4 and IL-10 ( Figure 3 ). All vaccine groups showed significant increases in IL-4 and IL-10 levels compared with the PBS and pVAX1 control groups. Furthermore, the mice vaccinated with LipL32-41-OmpL1 had higher IL-10 levels than those vaccinated with LipL32. There were no significant differences in IL-4 production between the vaccinated groups. Better humoral immune responses were elicited when mice were immunized with the fusion DNA plasmid or protein.
Cellular immunity induced by DNA immunization
IL-2 and INF-γ were used as markers to detect Th1 immune responses (Figure 3 ). In the LipL32-41-OmpL1 group (DNA-DNA or DNA-protein), IL-2 and INF-γ were significantly induced compared with the pVAX1 group. There were no differences between the protein-protein groups (LipL32 or LipL32-41-OmpL1) and the pVAX1 group. Mice immunized with LipL32-41-OmpL1 and LipL32 (DNA-DNA) showed higher IL-2 levels than those immunized with homologous proteins. Mice vaccinated with LipL32-41-OmpL1 (DNA-protein) also had higher IL-2 levels than those immunized with homologous proteins. The LipL32-41-OmpL1 (DNA-DNA) group presented the best immune responses in terms of INF-γ production.
A CCK-8 kit was used to detect splenocyte proliferation. The stimulation indices analyzed at 450 nm with an ELISA reader are shown in Figure. 4. All test groups showed significant differences compared with the pVAX1 control group (P < 0.01). Mice boosted with DNA plasmids showed a greater cell immune response than those boosted with protein, and the splenocyte proliferation of the fusion LipL32-41-OmpL1 groups was stronger than that of the LipL32 groups. Figure 2 . ELISA for anti-LipL32, anti-LipL41 and anti-OmpL1 antibody production. Groups of 10 mice each were immunized with DNA (50 µg/mouse) or protein (10 µg/mouse) on day 1. Mice were boosted with equimolar amounts of DNA or protein on days 11 and 21 and bled on day 35. Anti-LipL32, anti-LipL41, and anti-OmpL1 were then detected. Data are reported as geometric means ± SD. *P < 0.05 compared to the pVAX1 group (StudentNewman-Keuls t-test). Discussion Leptospiral outer membrane proteins have a number of advantages over current leptospiral vaccines, and highly conserved outer membrane proteins have special significance in vaccine development for leptospirosis. Studies have demonstrated that LipL32, LipL41 and OmpL1 are highly conserved among various pathogenic leptospira species but not in saprophytic leptospira species (2, 7) . This suggests that these antigens play an important role in virulence and pathogenesis. Since most potential crossprotective immunogens should have conserved sequences, we chose these three OMPs of L. interrogans serovar Lai to construct the recombinant fusion gene, lipL32-41-ompL1. DNA vaccines have been described against tumors (19) and several intracellular and extracellular pathogens, including HIV (20) , SARS (21), pertussis (22) , and leptospires (23) . The presence of pathogenic leptospires in the intracellular compartment has already been demonstrated in vitro (23) . Monocyte/macrophage-like and Vero cells have been shown to be permissive host cells for virulent leptospire invasion (24) . We therefore decided to use the eukaryotic vector pVAX1 to construct a DNA vaccine and to evaluate the cellular and humoral immune responses induced by different vaccination strategies.
With regard to the humoral immune response of the immunized mice described here, all the antibodies elicited in the protein-boosted groups showed levels that were significantly higher than those in the groups that were not protein-boosted. This indicates that a protein-boost strategy could improve the immunogenicity of DNA vaccines against leptospirosis and could thus be a valuable strategy (2 x 10 3 ) were added to each well of a 96-well flat-bottomed microtiter plate in triplicate. rIL-2 and homologous proteins were added to the wells to a final concentration of 0.2 ng/mL (rIL-2) and 10 μg/mL (proteins). Another three wells contained rIL-2 as a control. After 48 h of incubation at 37°C in 5% CO 2 , splenocyte proliferation was assayed with a CCK-8 kit. The stimulation index is defined as: absorbance value for the test culture/control absorbance value at 450 nm. Data are reported as means ± SD for 10 animals per group. *P < 0.05 compared to the pVAX1 group (Student-Newman-Keuls t-test). for inducing better immune responses to DNA vaccines. In the present study, the LipL32-41-OmpL1 immunization groups also showed abundant anti-LipL41 and anti-OmpL1 antibodies in addition to the anti-LipL32 antibodies seen in the LipL32 groups. These results indicate that the LipL32-41-OmpL1 vaccination groups showed better responses than the single-gene groups (LipL32, LipL41 or OmpL1). This is especially significant because other studies have shown that the protective effects of immunization with OmpL1 and LipL41 are synergistic (15) .
The MAT test is the standard experiment for diagnosis and immune analysis of leptospirosis. In this study, the highest MAT titers were observed in the LipL32 group (DNA-protein), the LipL32-41-OmpL1 group (DNA-protein) and the LipL32-41-OmpL1 group (protein-protein). This also indicates the advantages of recombinant DNA vaccine and DNA-protein strategies in leptospirosis immunization.
It is known that subsets of Th cells can be distinguished by the pattern of cytokines that they produce. Th1 cells produce IL-2 and INF-γ and play a critical role in directing cell-mediated immune responses, which are important for clearance of intracellular pathogens. Th2 cells produce IL-4 and IL-10, which are important for humoral responses (25) . In our cytokine assays for IL-4 and IL-10, all vaccination groups showed significantly increased levels compared with the control groups. With respect to IL-2 and INF-γ, the LipL32-41-OmpL1 (DNA-DNA and DNA-protein) groups elicited greater cytokine production than the control groups. Our results indicated that the LipL32-41-OmpL1 vaccination groups could elicit stronger cellular and humoral responses than the corresponding LipL32 groups. In other acellular vaccine studies (26, 27) , the immune responses induced by recombinant or multiple-component vaccines have been better than those induced by a single-component vaccine. A recombination strategy might be better than a combination strategy for multiple-component vaccines because the former strategy has lower costs and higher efficacy than the latter.
In the present study, we used a splenocyte-proliferation assay to monitor cellular immune responses. The results showed that all test groups were significantly different from the pVAX1 control group. The splenocyte-proliferation reactions in the LipL32-41-OmpL1 vaccination groups were stronger than those of LipL32 groups, indicating that an enhanced cellular immune response was elicited in the LipL32-41-OmpL1 vaccination groups. The mechanism of this phenomenon remains unknown.
Our study has some limitations. First, BALB/c mice are used to evaluate the immune response of leptospira vaccine candidates. To determine the precise protective effects of the vaccine candidates and the immune strategies, hamster or guinea pig models should be used (28) . Second, some new candidates might be included as recombinant DNA and protein vaccines, such as leptospira immunoglobulinlike protein A (29, 30) . However, there is still no definite information regarding vaccine composition and immune strategies for leptospirosis.
In conclusion, recombinant LipL32-41-OmpL1 could be a useful vaccine candidate against leptospirosis and might be better than a single-component LipL32 vaccine. The DNA prime-protein boost strategy induced both humoral and cellular immune responses against leptospira and should be studied further.
